and bluegill. Sulfotransferase conjugation had no significant differences among the species. In summary, tilapia, channel catfish, Atlantic salmon and rainbow trout had the best biotranforming capabilities; striped bass, hybrid striped bass and bluegill were low metabolizers and largemouth bass shared some capabilities with both groups.
Introduction
Phase I and II biotransformation reactions are of great importance to understand metabolism of endogenous molecules as well as transformation of xenobiotics and drugs in fish and other species (Mansui, 1998; Nelson, 1998; Mortensen and Arukwe, 2007; Reynaud et al., 2008; Arukwe et al., 2008) . However, biotransformation profiles are still unknown in several fish species of importance in aquaculture or as environmental bioindicators. Investigating these biotransformation profiles may help to understand capabilities, similarities and differences of these fish species to metabolize endogenous substrates, drugs and pollutants.
The substrates 7-ethoxycoumarin, 7-ethoxyresorufin, 7-pentoxyresorufin, 7-benzyloxyresorufin, resorufin and 1-chloro-2,4-dinitrobenzene are some of the model compounds used to investigate the kinetics of phase I and II reactions in fish. These substrates help to characterize the catalytic activity of various isoforms of phase I and II enzymes. The O-deethylation of 7 ethoxyresorufin (EROD activity) is a model reaction used to study the expression of CYP1A, an inducible cytochrome P450 isoform in fish (Whyte et al., 2000) . Other substrates and their respective phase I activities are used as model compounds as well (e.g. 7-ethoxycoumarin -ECOD-, 7-pentoxyresoroufin -PROD -, 7-benzyloxyresoroufin -BROD -); however, the isoforms involved in such activities are either not determined yet in all fish species or represent the expression of different P450 isoforms depending on the species. Resorufin is a phase I metabolite obtained after EROD, that is used as substrate for phase II reactions such as glucuronidation and sulfation (George, 1994 ). Glutathione-s-transferase activity, an important phase II activity performed to conjugate electrophilic compounds, is commonly assessed using reference substrates such as 1-chloro-2,4-dinitrobenzene (CDNB) (Habig et al., 1974; George, 1994) .
The purpose of this study was to compare the kinetics of specific phase I and II biotranformation reactions among 8 different finfish species of importance in the United States and around the world using the specific substrates aforementioned. 
Materials and methods

ACCEPTED MANUSCRIPT
Microsomes / cytosol preparation and phase I-II assays
Microsomes and cytosol were prepared according to Vodicnik et al. (1981) . Protein was measured using the bicinchoninic acid protein assay. All the incubations with either microsomes or cytosolic fractions were performed at room temperature (20 o C-22 o C). Ethoxycoumarin-odealkylation (ECOD) kinetics was based on Haasch & col (1994) and Schlenk & col. (2000) with some modifications. Reaction mixtures had 50 L of buffer Tris-HCl (100 mM, pH=7.4), 25 L of microsomes (100 g of protein), 10 L of 7-ethoxycoumarin (20-100 M range) and 25 L of NADPH tetrasodium salt (0.1 mM). ECOD activity was calculated based on the relative fluorescence units (RFUs) of the 7-hydroxycoumarin produced (excitacion = 380 nm, emission = 460 nm) in a microplate absorbance-fluorescence reader (TECAN, Genios TM , Austria).
Ethoxyresorufin-o-dealkylation (EROD) (Modified from Eggens and Galgani, 1992; Haasch et al., 1994) . Reaction mixtures consisted of 50 L of buffer Tris-HCl (100 mM, pH=7.4), 25 L of microsomes (100 g of protein), 10 L of 7-ethoxyresorufin (range 0-2 M) and 25 L of NADPH (1 mM). EROD was monitored based on the RFUs of the resorufin produced by the reaction (excitation = 510 nm, emission = 580 nm). Pentoxyresorufin-(PROD) and benzyloxyresorufin-o-dealkylation (BROD) activities were assayed following the same protocol as for EROD. A 5 M substrate concentration was tested as the initial concentration point.
Phenobarbital-induced rat microsomes were used as a positive control. Glutathione-s-transferase (GST) kinetics was performed according to Habig & col. (1974) . Sulfotransferase (ST) kinetics (Modified from Schell and James, 1989; Beckmann, 1991 
Results
ECOD and EROD kinetics. Channel catfish had the highest ECOD V max of all the species followed by Atlantic salmon, rainbow trout, hybrid striped bass and tilapia. This value was significantly different (p < 0.05) from all the others. K m was quite similar among Atlantic salmon, rainbow trout, channel catfish and tilapia. Hybrid striped bass K m was the highest value of all, being significantly different from the others (p < 0.05). V max /K m ratios in ECOD indicated 6 that channel catfish and Atlantic salmon were the most efficient species of all (Table 1) .
Rainbow trout and tilapia had lower V max /K m ratios and hybrid striped bass had the lowest V max /K m ratio showing the lowest ECOD efficiency of all the species. Bluegill microsomes did not present any response to 7-ethoxycoumarin. ECOD kinetics in striped bass and largemouth bass were not performed due to insufficient microsomal sample.
EROD kinetics parameters were done for five of the eight species examined in this study. (Table 1) .
PROD and BROD kinetics. None of the fish species showed either PROD or BROD activities when a 5 M substrate concentration was tested for both alkoxycoumarins. Phenobarbial-induced rat microsomes that were used as positive controls, showed both PROD (23 pmols/ min / mg protein) and BROD (183 pmols / min / mg protein) activities.
Glutathione-s-transferase kinetics. The highest GST capacity was obtained for tilapia and Atlantic salmon, followed by rainbow trout, channel catfish and largemouth bass. The lowest V max values (p < 0.05) were found in striped bass, hybrid striped bass and bluegill. As for K m , channel catfish and striped bass showed the lowest values followed by bluegill, tilapia, and hybrid striped bass. The highest K m values were found in largemouth bass, rainbow trout and Atlantic salmon (Table 2) . V max / K m ratios indicate that channel catfish and tilapia had the most efficient GST activity towards the substrate. Atlantic salmon and rainbow trout had lower ratios whereas striped bass, largemouth bass, bluegill and hybrid striped bass had the lowest GST efficiencies of all. (Table 2) .
For comparison purposes, Figure 1 shows the phase I and phase II reactions that were studied in the present work for the eight species.
Discussion
The present study was intended to compare the baseline kinetics of phase I and II biotransformation reactions among eight different fish species. Comparisons between present results and other studies were relatively difficult in some cases given that most of the 8 investigations have dealt with catalytic activities at saturating conditions of substrates instead of full kinetics working a range of substrate concentrations.
ECOD and EROD kinetics. ECOD has been studied in mammals as a marker activity of CYP1A1, CYP1A2 CYP2B1, CYP2E1, and CYP2E6 (Yun et al., 1991; Yamazaki et al., 1996) .
In fish, the catalysts of 7-ethoxycoumarin are still unknown; nevertheless, this reaction is apparently catalyzed in rainbow trout by the CYP1A (Cravedi et al., 1998) . Among the inducers of ECOD activity in fish species are Aroclor 1254 (a PCBs mixture) (Elcombe & Lech, 1979) and -naphthoflavone (Haasch et al., 1994) in rainbow trout; and 3-methylcholanthrene and PCBs in tilapia (niloticus x aureus) (Ueng et al., 1992; Ueng & Ueng, 1995) . Most of these compounds have also been found to be inducers of EROD activity. On the other hand, there is substantial ECOD activity in non-CYP1A induced channel catfish, suggesting and additional constitutive role (Perkins, 1999; Perkins et al., 2000) . In the present study, channel catfish had the highest ECOD velocity and catalytic efficiency of all the species. This velocity doubled the values in Atlantic salmon, rainbow trout, tilapia, and hybrid striped bass. Despite these differences, all the values were quite similar to those in non-induced fish. V max in channel catfish (108.0 ± 6.9 pmols 7-hydroxycoumarin/min/mg protein) was quite similar to the value found by Perkins (1999) (109.0 ± 3.0). ECOD for rainbow trout (42.1 pmols/min/mg protein) was lower than the one reported by Kleinow et al. (1990) in the same species (80 pmols/min/mg protein).
The V max values found for tilapia (32.0 ± 0.9 pmols 7-hydroxycoumarin/min/mg protein) is below the ones reported in other studies. Ueng & col. (1992) and Ueng & Ueng (1995) EROD activity has been studied in over 150 fish species. This activity is mainly examined to determine its suitability as a biomarker of pollution (Whyte et al., 2000) . In the present study, EROD V max values were quite similar among the species. Despite differences among some of them, all values were below 100 pmols/min/mg protein. Hybrid striped bass, striped bass and 9 bluegill showed the lowest velocities. Changes in phase I reactions have been reported after drug use in aquacultured species. ECOD and EROD activities were significantly inhibited by enrofloxacin, a fluoroquinole antibiotic, after in vivo treatment in sea bass (Dicentrarchus labrax) (Vaccaro et al., 2003) . In a different study by our group, the inducing effects on EROD activity (2.2 -2.6 fold) was found after in vivo treatment of channel catfish with albendazole at therapeutic dosage (unpublished data, in revision). This suggests that knowing baseline alkoxyresorufins and alkoxycoumarins activities in fish species may help to predict effects due to some drug treatments in aquacultured finfish species.
PROD and BROD kinetics. The present results indicate that none of the fish species was reactive to either of these two alkoxyphenoxazones. Haasch and col. (1994) reported that sham-injected rainbow trout had no PROD activity and negligible BROD activity (1.1 pmols resorufin/min/mg protein). Although no P450 isoform(s) has been identified in fish as responsible for PROD and/or BROD activities, inducing effects such as the ones exerted by isosafrole, -NF and dexametasone in rainbow trout may help to differentiate between the expected baseline values, such as the ones found in our study, and a possible induction after exposure to contaminants or drugs.
Glutathion-s-transferase kinetics. GST activity is an indicator of conjugation of electrophilic compounds with glutathione (GSH), a cytosolic tripeptide in milimolar concentrations within the cell. These electrophilic compounds that are conjugated by GSH may exert adverse changes on macromolecules (e.g. proteins, lipids) within the cell structure (Stephensen et al., 2002) . V max , K m and V max /K m for CDNB conjugation were significantly different among the species in the present study. Interestingly, Atlantic salmon had one of the highest V max and K m values. On the other hand, channel catfish presented the lowest K m of all the species. Channel catfish and tilapia are among the species with the highest GST-mediated conjugation of CDNB. Juveniles of channel catfish kept in free-flowing tanks had high CDNB conjugation velocities ranging from 1325 (Gallagher et al., 1996) to 1500 nmols/min/mg protein (Gallagher and Di Giulio, 1992) . Ankley & Agosin (1987) reported 827 nmols CDNB/min/mg protein in channel catfish that were maintained for 9 to 16 months in fiberglass tanks. These values are higher than the maximum velocities found in the present study (657 ± 39 nmols/min/mg protein). Pathiratne and George (1996) reported high GST activity in tilapia (Oreochromis niloticus) (1900 ± 120 nmols/min/mg protein) using CDNB as a substrate. In the present study, tilapia had the highest V max of all the species (1508 ± 70 nmols/min/mg protein) and the second highest catalytic efficiency (V max /K m ) after channel catfish. GST activity has been considered of great importance in detoxification of electrophilic xenobiotics (Shailaja & D'Silva, 2003) . Some authors have reported that a lower incidence of tumors after exposure to carcinogenic compounds such as PAH's, PCB's, and other environmental hepatocarcinogens in channel catfish may result from the notable GST activity found in this species (Gallagher et al., 1996) . Tilapia has also been reported as a species with high GST-based conjugation (Gadagbui et al., 1996; Shailaja & D'Silva, 2003) . Reports on CDNB conjugation in rainbow trout, largemouth bass, Atlantic salmon and bluegill indicate lower capacity as compared to channel catfish and tilapia. In rainbow trout, reports show a wide range of activity: 700 ± 80 nmols/min/mg protein (Pérez-López et al., 2000) , 348 ± 17 nmols/min/mg protein (Laurén et al., 1989) , and 183 ± 17 nmols/min/mg protein (Otto & Moon, 1996) . Our study showed a V max value of 929 ± 65 (nmols/min/mg potein) which is higher than the one found by Pérez-López and col. (2000) . Largemouth bass showed in the present study a V max value of 589 ± 52 nmols/min/mg protein which is lower than the one reported by Gallagher and collaborators (2000) in a full kinetic study (843 -1154 nmols/min/mg protein). GST activity has been of particular interest in this species given the high risk of exposure to pollutants that are detoxified through GSTs and its predatory habits (Gallagher et al., 2000; Pham et al., 2002) .
Largemouth bass had in the study by Pham and collaborators (2002) one of the highest, GSTmediated 4-hydroxynonenal (4HNE) conjugation which was a good indicator of protection against peroxidation of polyunsaturated fatty acids in the liver. However, largemouth bass had in the present study a lower capacity towards CDNB than tilapia, channel catfish, and rainbow trout.
As for Atlantic salmon, a study in immature (~ 60 g in weigh) juveniles reports a CDNB conjugation of 290 ± 8 nmols/min/mg protein (Nóvoa-Valiñas et al., 2002) . CDNB conjugation kinetics was studied in our research using Atlantic salmon ranging from 492 to 1000 g.
Maximum velocity in this species was one of the highest of all (1349 ± 107 nmols/min/mg potein) but so was enzyme affinity (0.5 ± 0.10 mM), yielding a lower catalytic efficiency (2816 ± 329) than channel catfish and tilapia.
UDP-glucuronosyltransferase (UDPGT) kinetics. Glucuronidation is one of the major phase II pathways in fish and other species (Kasper and Henton, 1980; Clarke et al., 1991) . Both endogenous (e.g., bilirubin, steroids, thyroid hormones, etc.) and exogenous compounds (e.g., PCBs, pesticides, drugs, etc.) are conjugated with glucuronic acid via UDPGTs (George, 1994) .
Among the drugs and pesticides that are conjugated via UDPGTs are chloramphenicol (Cravedi et al., 1985) , organophosphates (Takimoto et al., 1987) , and phenols (Lech, 1973; Kane et al., 1994) . Aflatoxicol B1 glucuronide is also formed in rainbow trout exposed to this hepatocarcinogen (Loveland et al., 1984) . Kinetics of UDPGT activity in the present study showed lower variability among the species as compared to the phase I reactions and the GSTmediated conjugation. With the exception of striped bass, largemouth bass and hybrid striped bass, the other species had quite similar results. In the past, differences in UDPGT -based conjugation have helped to understand distinct sensitivities among fish species to pollutants or drugs. Kane et al. (1994) found that the lower V max /K m ratio in sea lamprey (Petromyzon marinus) as compared to channel catfish, rainbow trout and bluegill helped to explain a high sensitivity to 3-trifluoromethyl-4-nitrophenol (TFM), due to lower UDPGT-based conjugation.
Sulfotransferase kinetics. Sulfation is catalyzed by sulfotransferases (ST), a group of cytosolic enzymes that have lower capacity than UDPGTs but a higher affinity for the substrates (Parkinson, 2001) . Some studies have identified ST activity towards thyroid hormones in plaice (Osborn and Simpson, 1969) and rainbow trout 1997 . The effects of environmental estrogens and other endocrine disrupters on ST-mediated conjugation have been studied showing additional implications of these pollutants on biotransformation capabilities (Nishiyama et al., 2002; Kirk et al., 2003; Ohkimoto et al., 2003) . The present work corroborated that STs are lower capacity / higher affinity enzymes in comparison to UDPGTs. V max values for ST in all the species were several times lower than the corresponding values for UDPGT. On the other hand, the low K m s indicated the higher binding affinities of ST in comparison to the high values for UDPGT (lower affinities).Interestingly, channel catfish microsomes were not reactive to 7-ethoxyresorufin for UDPGCT-based conjugation. However, cytosolic fractions of the same specimens responded to ST conjugation. ST-mediated conjugation of 7-ethoxyresorufin was one of the assays with the lowest variation among the species studied in this investigation. V max /K m ratios did not show significant differences amongst them. However, V max values were significantly higher for rainbow trout, tilapia, channel catfish, Atlantic salmon and largemouth bass. The lowest capacities were found in striped bass, hybrid striped bass and bluegill. Catalytic efficiencies were quite similar among the species due to higher binding affinities in the three species that had the lowest capacities (V max ).
Conclusions
Based on the catalytic probes that were used in this study to evaluate some phase I and II biotransformation reactions, the 8 fish species that were investigated exhibited differences among them. Channel catfish, tilapia, rainbow trout and Atlantic salmon had the maximum capacities and the highest catalytic efficiencies for most of these catalytic probes. Hybrid striped bass, striped bass and bluegill displayed the lowest efficiencies. Largemouth bass was in between the two suggested groups, showing higher capabilities in some tests and lower in others.
In some cases, species that displayed low biotransformation capabilities (e.g. low V max ), had similar catalytic efficiencies than the ones with highest maximun velocities due to a higher binding affinity (e.g. low K m ) of their enzymatic systems. This was particularly evident for the UDPGT and ST reactions.
Major differences found in this study among the species with regard to GST-based biotransformation may help to understand their particular susceptibility or resistance to electrophilic compounds that exert deleterious effects on macromolecules within the cell.
Channel catfish and tilapia exhibited the highest capacity and efficiency in GST-mediated conjugation. Striped bass, hybrid striped bass and bluegill had very poor GST-based conjugation of CDNB. 
